1. Introduction {#sec1}
===============

Developing cost-effective, environmentally friendly, and sustainable solvents is a major challenge for the chemical industry.^[@ref1]−[@ref3]^ Possible green alternatives to the conventional organic solvents (i.e., toluene, xylene, and benzene), which exhibit high toxicity and volatility, are urgently needed.^[@ref4]^ In this regard, ionic liquids (ILs) gained much interest. ILs exhibit interesting properties such as low vapor pressures, high thermal stability, low melting points (i.e., large liquid range), a large electrochemical window, high solubility, and nonflammability.^[@ref5]−[@ref9]^

Recently, deep eutectic solvents (DESs) are recognized as very promising solvents, sharing similar physicochemical properties with ILs. DESs are environmentally friendly solvents because they are often nontoxic, highly biodegradable, and biocompatible.^[@ref9]−[@ref12]^ DESs are formed by a quaternary salt and a hydrogen bond donor (HBD) in a specific mixing ratio.^[@ref12]^ The term "eutectic" refers to the final compound, which has a much lower melting point than the one of each individual component or of the mixture at any other composition.^[@ref12]^ Low-cost materials and easy synthesis also make DESs cost-effective for large-scale production. DESs are used in a wide array of applications spanning metal coatings,^[@ref13],[@ref14]^ nanoparticle synthesis,^[@ref15],[@ref16]^ water decontamination,^[@ref17],[@ref18]^ biomass treatment,^[@ref19]^ and gas sequestration.^[@ref20]^

Choline chloride-based (ChCl-based) DESs are one of the most well-known and well-studied types of DESs. ChCl is an inexpensive, nontoxic, and biodegradable ammonium salt that can form various DESs when combined with carboxylic acids, amides, or polyols such as malonic acid, urea, glycerol, and ethylene glycol (EG).^[@ref9]^ This diversity allows for many potential applications. For example, a ChCl/urea eutectic mixture (reline) is used for electrodeposition of metals to prepare semiconductors in thin-film solar cells.^[@ref21]^ ChCl/EG (ethaline) is used in electroplating and electropolishing.^[@ref22]^ ChCl/glycerol (glyceline) is an efficient medium for extraction of glycerol from biodiesel.^[@ref23]^ Glyceline is also a strong lubricant, particularly useful in marine industry.^[@ref24]^ ChCl/malonic acid (maline) DES is used for the synthesis of open-framework metal structures for catalysis applications.^[@ref25]^

For the optimum design and characterization of green solvents based on DESs for industrial applications, it is crucial that control over the thermophysical properties is established. A proposed way to obtain such control is by adding small amounts of water into DES.^[@ref26],[@ref27]^ This is a simple, cheap, and clean way for creating solvents with modified properties because the presence of water alters the molecular structure of DESs \[i.e., hydrogen bond (HB) networks\]. The addition of water affects the overall macroscopic properties of the fluid. Experimental studies have shown that the densities and viscosities of DES solutions (i.e., reline, glyceline, and ethaline) decrease with increasing water content as well as increasing temperature.^[@ref26],[@ref28],[@ref29]^ Leron and Li^[@ref30],[@ref31]^ investigated how pressure affects the volumetric properties of aqueous solutions of reline and ethaline for pressures up to 50 MPa at various temperatures. Shekaari et al.^[@ref32]^ measured the densities, speed of sound, viscosities, and refractive indices of aqueous reline solutions and used these data to calculate other properties including excess molar volumes, thermal expansions, and isentropic compressibilities. It is also important to note that empirical models can alternatively provide a theoretical standpoint for describing the transport properties of the aqueous DES solutions. For example, Grunberg--Nissan, Fang-He, and Eyring-NTRL/MTSM models are used to predict the viscosities of liquid mixtures.^[@ref33]−[@ref36]^ These empirical models are particularly useful for identifying the nonidealities in the viscosity of the mixture. Mjalli and Mousa compared the performance of different empirical models in predicting the viscosity of aqueous ChCl-based DESs.^[@ref35]^ The Fang-He model is able to sufficiently predict the viscosities of size-asymmetric mixtures containing large and small molecules such as aqueous mixtures of ILs/DESs.^[@ref36]^

Although experimental measurements are the main source of information on the macroscopic behavior of aqueous solutions of DESs, the resolution of experiments is typically too large for exploring changes at the molecular level. Thus, not much insight into the underlying physicochemical mechanisms can be provided by experiments alone. Molecular simulations are a powerful tool that can be used to explain and complement experiments. Perkins et al.^[@ref37]^ performed molecular dynamics (MD) simulations to predict several thermodynamic and transport properties of neat ChCl-based DESs and compared simulation results with available experimental findings. By analyzing the HB network and the radial distribution functions (RDFs), the microstructure of DESs was correlated to data measured with infrared spectroscopy.^[@ref38]^ Shah and Mjalli^[@ref27]^ carried out MD simulations to investigate the intermolecular structure of aqueous mixtures of reline. In the same study, experiments were also performed to measure several physical--chemical properties (i.e., densities, speed of sound, viscosities, melting points, conductivities, and so forth) as a function of the mole fraction of water at room temperature.^[@ref27]^ Recently, the influence of the hydration of different DESs was investigated using MD simulations, particularly focusing on static properties including densities, RDFs, spatial distributions, and hydrogen bonding.^[@ref39]−[@ref41]^ Baz et al.^[@ref42]^ performed MD simulations to compute static and dynamic properties of glyceline--water mixtures at various temperatures. The simulations were additionally supported by equation-of-state modeling.

Environmentally benign and sustainable DESs have become an intriguing media for many applications. The strong influence of water on the structural, thermodynamic, and transport properties make water mixtures of DESs even more interesting. Contrary to the importance of DESs--water mixtures, only a very limited number of molecular simulation studies exist in literature, and thus, an enhanced understanding at the molecular level is still lacking. In this study, the main objective is to obtain insights into the relation between molecular interactions, microscopic structural heterogeneities, and thermophysical properties of ChCl-based DESs water mixtures. To this purpose, atomistic MD simulations of reline and ethaline aqueous solutions in the temperature range 303.15--363.15 K were performed. This study provides a detailed description on the structural, volumetric, and transport properties of aqueous mixtures of DESs. We systematically present variations in density, thermal expansivity, viscosity, self-diffusivity, ionic conductivity, RDFs, and HB distributions as a function of the water content and temperature. It is shown that the increase of the water content in the mixture results in a significant decrease in densities and viscosities of aqueous reline and ethaline solutions, while self-diffusivities are increased. For both water--reline and water--ethaline mixtures, ionic conductivities exhibit a non-monotonic behavior with increasing water content. These changes in the transport properties are found to be closely related to the HB network and RDFs. The rest of this paper is organized as follows: in [Section [2](#sec2){ref-type="other"}](#sec2){ref-type="other"}, the details of the molecular models and methods used in this study are discussed. The results are presented in [Section [3](#sec3){ref-type="other"}](#sec3){ref-type="other"}. The main conclusions are presented in [Section [4](#sec4){ref-type="other"}](#sec4){ref-type="other"}.

2. Models and Methods {#sec2}
=====================

2.1. Force Fields {#sec2.1}
-----------------

In the present study, the generalized amber force field (GAFF) was used to model aqueous reline and ethaline solutions.^[@ref43]^ The partial charges of each component were obtained using restrained electrostatic potential charge derivations.^[@ref38]^ The electrostatic potential was determined using the HF/6.31G\* level of theory. Because electrostatic interactions are typically overpredicted when simulating ILs or DESs, a reduced-charge model is used.^[@ref27],[@ref37]^ The partial charges of ChCl in reline were scaled by a constant factor of 0.8. The partial charges of ChCl in ethaline were scaled by 0.9. These scaling constants were based on the earlier work by Perkins et al.,^[@ref37],[@ref38]^ in which the simulated densities and transport properties of neat reline and ethaline solutions using GAFF and reduced charges showed an excellent agreement with experimental results. Recently, Baz et al.^[@ref42]^ showed that GAFF with modified charges can be used for the simulation of aqueous solutions of glyceline.^[@ref42]^ In the present study, the results are supported by the available experimental data for force field validation. In literature, several other force fields such as the OPLS--AA framework^[@ref44]^ and Merck Molecular force field^[@ref27]^ have been used to model DESs.

For the representation of water molecules, a rigid three-site SPC/E model was used. SPC/E can adequately reproduce transport properties of liquid water at various temperatures,^[@ref45],[@ref46]^ and it has been extensively used in simulations of aqueous electrolyte solutions and mixtures with ILs.^[@ref27],[@ref47],[@ref48]^ It is important to note here that the scope of this study is not to perform an exhaustive investigation of the accuracy of various force fields combinations but to provide physical insights into the structural and transport behavior of DES--water mixtures. All force field parameters are listed in Tables S1--S11 of the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b09729/suppl_file/jp9b09729_si_001.pdf).

2.2. Simulation Details {#sec2.2}
-----------------------

In all our MD simulations, periodic boundary conditions were applied in all directions. To achieve eutectic compositions at a 1:2 molar ratio, each reline solution consisted of 50 ChCl and 100 urea molecules. Each ethaline solution consisted of 50 ChCl and 100 EG molecules. The number of water molecules was determined based on the desired water content. The mass fraction of water (ω~w~) can be calculated fromwhere *M*~*i*~ and *N*~*i*~ are the molecular weight and the number of molecules of species *i*, respectively. The mass fraction of DES (ω~DES~) is ω~DES~ = 1 -- ω~w~. In Table S12 of the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b09729/suppl_file/jp9b09729_si_001.pdf), all simulated mixtures in the present study are listed.

Initial configurations were randomly generated in a cubic simulation box with an initial length of 10 nm using the Packmol software.^[@ref49]^ All simulations were carried out using the large-scale atomic/molecular massively parallel simulator (LAMMPS), version released on August, 2018.^[@ref50]^ Long-range electrostatic interactions between charged species were handled using the particle--particle, particle-mesh (pppm) method with a root-mean accuracy of 10^--6^.^[@ref51]^ Short-range interactions were smoothly truncated at a cutoff distance of 1.3 nm. The Lorentz--Berthelot combining rules were used for the interactions between dissimilar atoms.^[@ref52]^ Bond lengths and bond-bending angles of water molecules were kept rigid using the SHAKE algorithm in LAMMPS.^[@ref53]^ To integrate Newton's equations of motion, the Verlet algorithm was used with a time step of 1 fs.

In this study, five different temperatures in the range of 303.15--363.15 K were considered at 1 atm. All properties were computed in the following way: initially, energy minimization was performed using the conjugate gradient method for 10 000 steps. Then, MD runs in the isothermal--isobaric (*NPT*) ensemble were performed to compute average volumes and densities for 12 ns using a time step of 1 fs. The average box lengths for all simulated mixtures for the whole temperature range are listed in Table S13 of the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b09729/suppl_file/jp9b09729_si_001.pdf). Consecutively, starting from the average volumes computed from the *NPT* simulations, each system was allowed to equilibrate for 1 ns at the desired temperature in the canonical (*NVT*) ensemble. After the equilibration, all transport properties were computed from production runs in the microcanonical (*NVE*) ensemble. The simulation lengths varied from 30 to 100 ns, based on the system. The longer sampling times are required because of the slow dynamics of DESs mixtures with low water contents.^[@ref38]^ This simulation procedure (i.e., *NPT* to *NVT* to *NVE*) is also explained in detail in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b09729/suppl_file/jp9b09729_si_001.pdf) document in a recent study by Jamali et al.^[@ref54]^ All transport properties were computed using the OCTP (on-the-fly computation of transport properties) plugin in LAMMPS.^[@ref54]^ OCTP uses the Einstein relations combined with the order-*n* algorithm.^[@ref55],[@ref56]^ Details on the inner workings of the OCTP plugin can be found in the study by Jamali et al.^[@ref54]^ All RDFs were also calculated using the OCTP tool. The RDFs reported in the present study were corrected for finite-size effect based on the work by van der Vegt and co-workers.^[@ref57]−[@ref59]^ HB analysis was performed using the HBonds plugin in VMD (visual MDs).^[@ref60]^ Uncertainties for all properties were calculated based on the standard deviation from six independent simulations, each one started from a different initial configuration.

3. Results and Discussion {#sec3}
=========================

The volumetric and transport properties of reline and ethaline solutions are discussed in [Sections [3.1](#sec3.1){ref-type="other"}](#sec3.1){ref-type="other"} and [3.2](#sec3.2){ref-type="other"}. In [Section [3.3](#sec3.3){ref-type="other"}](#sec3.3){ref-type="other"}, a thorough discussion on how the structure of the fluid, expressed by the computed RDFs and HBs, can be related to the variations in the volumetric and transport properties of the DESs--water mixtures is presented. All raw data are listed in Tables S13--S23 of the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b09729/suppl_file/jp9b09729_si_001.pdf).

3.1. Volumetric Properties {#sec3.1}
--------------------------

The computed densities of aqueous reline and ethaline solutions as a function of temperature and mass fraction of water are presented in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. All mixtures are in good agreement with the experimental values by Yadav et al.,^[@ref28],[@ref29]^ showing deviations up to 1.7%. The numerical values of the computed densities are listed in Tables S14 and S15 of the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b09729/suppl_file/jp9b09729_si_001.pdf). In most reline and ethaline solutions, MD simulations slightly overpredict the experimental densities. This overprediction can be attributed to the slightly increased attractive forces between water and the components of the DESs, imposed by the force fields used. Similar findings were also presented for glyceline--water mixtures in an earlier study by Baz and co-workers.^[@ref42]^ As shown in [Figures [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b,d, the densities for both reline and ethaline solutions gradually decrease with increasing water content. An addition of 2 and 5% water to the pure component shows a marginal decrease on the density. The densities of ethaline solutions are lower compared to those of reline. This is mainly because urea is denser than EG. The computed densities decrease with increasing temperature, which is typical for aqueous solutions. For temperatures ranging from 303.15 to 363.15 K, the density of neat reline is between 1211.3 and 1175.4 kg/m^3^, while density of neat ethaline is between 1116.9 and 1074.8 kg/m^3^. These values are in excellent agreement with other MD and experimental results of neat reline^[@ref27],[@ref28],[@ref30],[@ref38],[@ref61]^ and ethaline^[@ref29],[@ref31],[@ref37],[@ref61]^ solutions.

![Densities of aqueous reline solutions as a function of (a) temperature and (b) mass fraction of water. Densities of aqueous ethaline solutions as a function of (c) temperature and (d) mass fraction of water. Gray symbols represent the MD results. Red dashed lines refer to experimental data taken from earlier work.^[@ref28],[@ref29]^](jp9b09729_0001){#fig1}

The temperature dependence of density is typically quantified by the volumetric thermal expansion coefficient (α~p~) of the liquid^[@ref62]^where ρ is the density and *T* is the temperature. (∂ρ/∂*T*)~*p*~ can be calculated from the slope of the density--temperature curves in [Figures [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a,c. The computed thermal expansion coefficients as a function of the water content are presented in Tables S16 and S17 in the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b09729/suppl_file/jp9b09729_si_001.pdf). Experiments and MD predictions show deviations up to 25%. These deviations can be mainly attributed to the performance of the force fields for various temperatures. This was also pointed out in the study by Baz et al.^[@ref42]^ More accurate α~p~ can be possibly computed after an elaborate refinement of the force field and the partial charges.

3.2. Transport Properties {#sec3.2}
-------------------------

### 3.2.1. Viscosity {#sec3.2.1}

In [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, the computed viscosities of aqueous reline and ethaline solutions as a function of temperature and mass fraction of water are shown. The MD results for reline solutions are compared with the available experimental data measured by Yadav and Pandey using a rolling-ball microviscometer.^[@ref28]^ The deviations between experimental and computed viscosities of reline/water mixtures are less than 14% in all cases. For pure water, MD results with the SPC/E water model deviate approximately 20% from experiments. This was also shown in other studies.^[@ref63],[@ref64]^ All computed viscosities, along with the available experimental values, are listed in Tables S18 and S19 of the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b09729/suppl_file/jp9b09729_si_001.pdf). For neat ethaline solutions, simulations and experiments are in reasonable agreement at all temperatures as shown in Figure S3 of the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b09729/suppl_file/jp9b09729_si_001.pdf). As shown in [Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b,d, the viscosities of all reline--water and ethaline--water mixtures monotonically decrease with increasing water content. Reline is more viscous than ethaline. The viscosities of neat reline and ethaline at 303.15 K are approximately 511 and 39 MPa·s, respectively. The MD simulations showed that the addition of a small amount of water (i.e., 2%) significantly reduces the viscosities to 226 and 32 MPa·s, respectively. A further increase of mass fraction of water to 5% causes approximately 83 and 30% reduction in the viscosity of neat reline and ethaline, respectively. Viscosities also decrease with increasing temperature. Increasing temperature from 303.15 to 363.15 K results in 25 times reduction in the viscosity of neat reline. For the same temperature range, the reduction is five times for neat ethaline. As the mass fraction of water increases, the strong temperature dependency of viscosity disappears. The viscosity of the reline mixture with 80% mass fraction of water decreases by a factor of 2 as temperature increases from 303.15 to 363.15 K. The viscosity of neat ethaline decreases by a factor of 5 in the same temperature range, while the viscosity of the ethaline--80% water mixture decreases 2 times. These findings are consistent with trends obtained in earlier studies.^[@ref26],[@ref28],[@ref42]^

![Viscosities of aqueous reline solutions as a function of (a) temperature and (b) mass fraction of water. Viscosities of aqueous ethaline solutions as a function of (c) temperature and (d) mass fraction of water. Gray symbols represent the MD results. Red dashed lines refer to experimental data taken from earlier work.^[@ref28]^ The statistical uncertainties can be found in Tables S18 and S19 of the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b09729/suppl_file/jp9b09729_si_001.pdf).](jp9b09729_0003){#fig2}

### 3.2.2. Self-Diffusivity {#sec3.2.2}

The self-diffusion coefficients in the present study are corrected for finite-size effects using the Yeh--Hummer correction^[@ref65],[@ref66]^where *D*~∞~ is the corrected self-diffusion coefficient (thermodynamic limit), *D*~MD~ is the size-dependent self-diffusion coefficient computed in MD simulations, *k*~B~ is the Boltzmann constant, *L* is the length of the simulation box, *T* is the temperature, η is the shear viscosity computed in MD, and ξ = 2.837298 is a dimensionless constant.

In [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, the computed self-diffusion coefficients of the HBD (urea), cation (Ch^+^), and anion (Cl^--^) in reline solutions are shown as a function of temperature and mass fraction of water. The self-diffusion coefficient of each component monotonically increases with increasing water content, as well as increasing temperature. As can be seen in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, the diffusivity of Cl^--^ is mostly affected by the change in the mass fraction of water. At 303.15 K, the self-diffusion coefficient of Cl^--^ exhibits an increase of approximately 439 times when the mass fraction of water increases from 0 to 80%. For Ch^+^ and urea, the corresponding increase is 319 and 243 times, respectively. At higher temperatures, the respective increase in the self-diffusion coefficients of the anion, cation, and HBD is almost the same. Considering a reline solution with 5% mass fraction of water, the self-diffusivities of urea, Ch^+^ and Cl^--^ increase approximately by a factor of 10 when temperature is increased from 303.15 to 363.15 K. Such an increase in temperature results in 10 times reduction in the viscosity of the respective system. The temperature dependency of self-diffusivity becomes less pronounced as the water content increases. This is expected due to the lower density of water compared to the DES. For the neat reline, a temperature increase from 303.15 to 363.15 K leads to approximately 22 times increase in the self-diffusion coefficient. The respective increase for the mixture of reline with 80% water is only 2.5 times. The self-diffusion coefficient of urea is always higher than that of Ch^+^, independent of the water content. The main reason for this behavior is that the molecular mass of the Ch^+^ cation (104.2 g/mol) is almost twice the mass of urea (60.1 g/mol). However, this is not the case for the self-diffusivity of Cl^--^. In a neat reline solution, urea diffuses faster than Cl^--^ ions (35.5 g/mol), although it is heavier. Perkins et al.^[@ref38]^ suggested that this behavior is due to the strong HBs between urea--urea and urea--anion, resulting in larger mobility in urea than Cl^--^. The addition of water eradicates the strong hydrogen bonding between urea--Cl^--^ and urea--urea. In aqueous reline solutions with more than 20% water mass fraction, urea molecules diffuse slower than Cl^--^ ions as a result of the strong depletion of HBs. It is important to note that in addition to the molecular weight, the hydrodynamic radius is another important factor that drastically affects the self-diffusivity of ions. Thus, the kinetic behavior of the ions is determined by the interplay between molecular weight and radius and the structure of the fluid.

![Self-diffusion coefficients corrected for finite-size effects in reline--water mixtures: for urea as a function of (a) temperature and (b) mass fraction of water, for the choline cation as a function of (c) temperature and (d) mass fraction of water, and for the chloride anion as a function of (e) temperature and (f) mass fraction of water. The statistical uncertainties can be found in Table S20 of the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b09729/suppl_file/jp9b09729_si_001.pdf).](jp9b09729_0004){#fig3}

The self-diffusion coefficients of the HBD (EG), cation (Ch^+^), and anion (Cl^--^) in ethaline solutions are shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. As can be seen, all self-diffusion coefficients increase with the water content. This increase for ethaline mixtures is less prominent when compared to the respective reline solutions. Considering the self-diffusivity of Cl^--^ at 303.15 K, an increase of 43 times is observed when 80% of water is added to the neat ethaline. The respective increase in reline solution is 439 times. The largest increase in diffusion coefficients for ethaline with increasing water content is for Cl^--^, followed by Ch^+^ and HBD. This is strongly related to the disappearance of HBs between the various species of DESs as explained earlier. All self-diffusion coefficients of ethaline mixtures increase as temperature increases. At small mass fractions of water, the temperature dependency of self-diffusion coefficients of ethaline is less prominent when compared to that of reline. At big mass fractions of water, the temperature effect on reline and ethaline solutions is similar. For aqueous reline and ethaline solutions with 80% water content, an increase in temperature from 303.15 to 363.15 K results in 2.5 and 2.6 times increase in the self-diffusivities of Cl^--^ ions, respectively. The self-diffusion coefficient of EG is always higher than that of Ch^+^, mainly due to the lower molecular weight of EG (62.1 g/mol). This behavior is independent of the mass fraction of water. Despite the fact that EG is heavier than Cl^--^, the self-diffusion coefficient of EG is higher due to the presence of strong HBs between the anion and HBD, as discussed earlier.

![Self-diffusion coefficients corrected for finite-size effects in ethaline--water mixtures: for ethylene glycol as a function of (a) temperature and (b) mass fraction of water, for the choline cation as a function of (c) temperature and (d) mass fraction of water, and for the chloride anion as a function of (e) temperature and (f) mass fraction of water. The statistical uncertainties can be found in Table S21 of the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b09729/suppl_file/jp9b09729_si_001.pdf).](jp9b09729_0005){#fig4}

In Figure S4 of the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b09729/suppl_file/jp9b09729_si_001.pdf), the MD results of neat reline and ethaline are compared with experimental data by D'Agostino et al.^[@ref67]^ The computed self-diffusion coefficients of neat reline and ethaline show deviations of up to 35% compared with earlier MD and experimental studies.^[@ref37],[@ref38],[@ref67]^ In an experimental study by D'Agostino et al.,^[@ref68]^ self-diffusivities and viscosities of aqueous reline and ethaline solutions at low mass fractions of water (i.e., up to 17.5%) at 293.15 K are reported. Results at this lower temperature indicate similar trends with our predictions of viscosities and self-diffusivities using MD simulations. The computed self-diffusion coefficients of pure water are in close agreement with experiments for the entire temperature range studied.^[@ref69]^ All results related to the self-diffusion coefficients are listed in Tables S20 and S21 of the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b09729/suppl_file/jp9b09729_si_001.pdf).

### 3.2.3. Ionic Conductivity {#sec3.2.3}

The ionic conductivity can be directly associated with the degree of fluidity (reciprocal of viscosity) in a liquid. High viscosity indicates low molecular mobility, which leads to low conductivity of the liquid.^[@ref70]^ To compute the ionic conductivity (κ) of DES--water mixtures, the Nernst--Einstein (NE) equation is used^[@ref71]^where *N*~*i*~ is the number of molecules of type *i*, *q*~*i*~ is the charge of molecules of type *i*, *D*~*i*~ is the computed self-diffusion coefficient of molecules of type *i*, and *e* is the elementary charge. In the case of aqueous reline and ethaline solutions, the Nernst--Einstein equation includes only anions and cations because HBDs and water molecules are charge-neutral. The computed ionic conductivities of reline and ethaline solutions are shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. For both DESs solutions, the ionic conductivities show a nonmonotonic behavior with increasing water content. Neat DESs have low conductivities, mainly due to the low ionic mobilities. The ionic conductivities increase with the addition of water. This is mainly related to the increased mobility due to the disappearing HBs between HBDs--anions and anions--cations. As can be seen from [Figures [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a,b, conductivities reach a maximum at approximately 60% water mass fraction. Beyond this, water--water interactions become dominant, and thus, conductivity gradually decreases. For both reline and ethaline solutions, ionic conductivities increase with increasing temperatures. This is again due to the enhancement of ionic mobility as temperature increases. The computed ionic conductivity of ethaline solution is higher than that of reline at low mass fractions of water (\<20%). The opposite is evident for mass fractions of water above 20%.

![Ionic conductivities of (a) reline--water mixtures and (b) ethaline--water mixtures as a function of mass fraction of water. Gray symbols represent the computed ionic conductivities at various temperatures. The red dashed lines refer to experimental data taken from an earlier work.^[@ref72]^](jp9b09729_0006){#fig5}

In [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a, the experimental and simulated ionic conductivities of reline solutions at three different temperatures, that is, 303.15, 313.15, and 333.15 K, are compared. The experimental data were taken from a recent study by Agieienko and Buchner.^[@ref72]^ The MD simulations are in close agreement with the experiments. This is a strong indication that the computed self-diffusion coefficients ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}) are accurate. To the best of our knowledge, no experimental results on the ionic conductivity of ethaline--water mixtures are available; thus, no comparison with the MD data shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b can be done. In Figure S5 of the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b09729/suppl_file/jp9b09729_si_001.pdf), the computed conductivities of neat ethaline and reline at various temperatures are compared with experimental results. For neat ethaline, the ionic conductivities obtained from MD simulations are in line with the experimental results by Mjalli and Ahmed.^[@ref73]^ All raw data on ionic conductivities of aqueous reline and ethaline solutions are listed in Tables S22 and S23 of the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b09729/suppl_file/jp9b09729_si_001.pdf), respectively. In this study, the ionic conductivities of DES--water mixtures are computed from the NE equation using the self-diffusivities obtained from MD simulations. This is an indirect method to compute ionic conductivities. Alternatively, ionic conductivities can be computed by the autocorrelation of charge current.^[@ref74]^ In the works by Tu et al.^[@ref74]^ and Humbert et al.,^[@ref71]^ a discussion about the accuracy of two methods is presented.

3.3. Structure {#sec3.3}
--------------

### 3.3.1. Radial Distribution Functions {#sec3.3.1}

The RDFs for various components of aqueous reline solution for the entire range of mass fractions of water at 303.15 K are shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}. With the addition of water, the intensity of the first RDF peaks between urea--Cl^--^ and Ch^+^--Cl^--^ decreases, as shown in [Figures [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a,e, respectively. This indicates that the interactions between these molecules become weaker. The first RDF peaks of urea--Ch^+^ and urea--urea increase with the addition of water as shown in [Figures [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b,c, respectively. It is important to note that the intensity of the first RDF peaks between urea--Cl^--^ and Ch^+^--Cl^--^ is more pronounced when compared to those of urea--urea and urea--Ch^+^ sites. Therefore, the former is more effective on the physical characteristic of the reline--water mixture. The positions of the peaks for urea--Cl^--^, Ch^+^--Cl^--^, and urea--Ch^+^ do not significantly change with the addition of water. The first peaks are approximately placed at a distance of 4.2 Å for urea--Cl^--^, 4.5 Å for Ch^+^--Cl^--^, and 4.7 Å for urea--Ch^+^. These are in agreement with RDFs based on neutron diffraction (ND) experiments of reline, in which RDFs were obtained using the Empirical Potential Structure Refinement model fitted to the experimental data.^[@ref75]^ The cation--cation RDF peaks are located at a larger distance compared to those of other components. The main reason for this behavior is most probably the size and the structural asymmetry of choline. The RDF peaks of Ch^+^--Ch^+^ and Cl^--^--Cl^--^ also show a gradual decrease with increasing water content as shown in [Figures [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}d,f. For these pairs, the locations of the peaks vary with the mass fraction of water. Beyond 20%, the peak of the first solvation shell for the Ch^+^--Ch^+^ pair almost vanishes, and another peak is formed at a larger distance as shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}d. This indicates that Ch^+^ ions tend to move away from each other in the presence of water, and water molecules gradually permeate between Ch^+^ ions. As for Cl^--^--Cl^--^, less pronounced peaks at shorter distances are formed for mass fractions of water larger than 20% as shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}d. Cl^--^ ions come closer to each other with increasing mass fraction of water. This indicates that water prefers to be closer to the anions rather than cations.^[@ref27],[@ref40],[@ref41]^

![RDFs of (a) urea--Cl^--^, (b) urea--Ch^+^, (c) urea--urea, (d) Ch^+^--Ch^+^, (e) Cl^--^--Ch^+^, and (f) Cl^--^--Cl^--^ in aqueous reline solution as a function of the mass fraction of water at 303.15 K.](jp9b09729_0007){#fig6}

The RDFs of ethaline--water mixtures at 303.15 K are presented in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}. The intensity of the first RDF peak for all pairs decreases with increasing water content, indicating that the intermolecular interactions of ethaline become weaker in the presence of water. A strong decrease is obtained for EG--Cl^--^, EG--Ch^+^, and Ch^+^--Cl^--^ interactions with the increased water content, as shown in [Figures [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a,b,e, respectively. Subtle variations exist for EG--EG with increasing water content as shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}c. It is important to note that these variations become more pronounced for 20% water mass fractions and above. The locations of the first peaks are 4.0 Å for EG--Cl^--^, 4.5 Å for Ch^+^--Cl^--^, and 5.0 Å for EG--Ch^+^. The peak locations remain almost the same with increasing water content for all molecular pairs, except for Ch^+^--Ch^+^ and Cl^--^--Cl^--^ as shown in [Figures [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}d,f, respectively. With increasing water content, new RDF peaks of Cl^--^--Cl^--^ are formed at a shorter distance. Ch^+^--Ch^+^ peaks are formed at higher distances with increasing water content. In addition, peaks of EG--Cl^--^ are more intense, and slightly closer to each other, than peaks of EG--Ch^+^, indicating that EG prefers to be closer to the anions.

![RDFs of (a) ethylene glycol--Cl^--^, (b) ethylene glycol--Ch^+^, (c) ethylene glycol--ethylene glycol, (d) Ch^+^--Ch^+^, (e) Cl^--^--Ch^+^, and (f) Cl^--^--Cl^--^ in aqueous ethaline solution as a function of the mass fraction of water at 303.15 K.](jp9b09729_0008){#fig7}

All water-related RDFs for reline and ethaline are shown in Figures S6 and S7 of the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b09729/suppl_file/jp9b09729_si_001.pdf), respectively. For both reline and ethaline solutions, peaks are sharper for Cl^--^--water compared to those of Ch^+^--water and HBD--water. The locations of the first peaks do not significantly change with increasing water content. The first peaks are placed approximately at 3.3 Å distance for Cl^--^--water, 3.7 Å distance for urea--water, and 4.4 Å distance for Ch^+^--water for reline. For ethaline cases, the first peaks are located at approximately 3.2 Å distance for Cl^--^--water, 3.5 Å distance for EG--water, and 4.4 Å distance for Ch^+^--water for ethaline. These indicate that water molecules are in a closer proximity to the anions than cations and HBD, in both reline and ethaline solutions. RDFs between Cl^--^--water and Ch^+^--water slightly shift to the left with increasing water content. Gao et al.^[@ref76]^ reported that this is mainly due to the shrinking hydration shell of Cl^--^ as the water content increases. Also, cation--water RDFs span a wider distribution than those of the water--anion and water--cation. This is mainly because of the larger size and asymmetry of the choline cation.^[@ref41],[@ref76]^ The peaks for all pairs decrease with increasing water content. The most prominent reduction is observed for anion--water interactions. This clearly indicates the critical role of the anion on the physical properties of DES solution.

The effect of temperature on the structure in DES--water mixtures is shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}. The RDFs between HBD--anion, cation--anion, and cation--cation of aqueous reline and ethaline mixtures are shown only for 40% water mass fraction for brevity. The RDFs for all other components of DESs can be found in Figures S8 and S9 of the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b09729/suppl_file/jp9b09729_si_001.pdf). Our results indicate that the temperature has a minor effect on RDFs in both reline and ethaline mixtures. This finding is in agreement with earlier studies.^[@ref40]^ The temperature-independent behavior is observed for the entire range of water composition. The only noticeable effect of temperature exists for the cases of the cation--cation and anion--anion. The intensity of the RDF peaks between these ions shows a slight decrease. As shown in an earlier study by D'Agostino et al.,^[@ref68]^ the addition of water in ethaline solutions allows for the exchange of ions, for example, OH proton on Ch^+^. This results in mildly acidic solutions for ethaline. On the contrary, water leads to the formation of ammonium hydroxide in the case of reline, which is a basic solution.^[@ref68]^ As our simulations were performed with nonreactive force fields, such formations cannot be captured.

![RDFs as a function of temperature of (a) urea--Cl^--^, (b) Ch^+^--Cl^--^, and (c) Ch^+^--Ch^+^ in the reline--water mixture with a mass fraction of water of 40%. RDFs as a function of the temperature for (d) ethylene glycol--Ch^+^, (e) Ch^+^--Cl^--^, and (f) Ch^+^--Ch^+^ in the ethaline--water mixture with a mass fraction of water of 40%.](jp9b09729_0009){#fig8}

### 3.3.2. HB Distribution {#sec3.3.2}

As HB formation criteria, a cut-off distance of 3.5 Å for heavy-to-heavy atom and an angle of 30° between the donor--hydrogen--acceptor were used.^[@ref77],[@ref78]^[Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}a,b shows the total number of HBs in the aqueous reline and ethaline solutions at 303.15 K, respectively. In reline solutions, the presence of water leads to significant reduction on the HB population of urea--urea and urea--Cl^--^. This reduction is less pronounced for urea--Ch^+^ and Ch^+^--Cl^--^. At low water mass fractions (i.e., approx. 2%), the number of HBs between urea and any other molecule slightly increases, showing a deviation from the general trend. Shah and Mjalli^[@ref27]^ attribute this behavior to the enhanced interactions with the HB donor at this water content. With a further increase in the water content, a significant decrease in the number of HBs between urea--urea and urea--Cl^--^ is observed. Beyond water mass fractions of 40%, a relatively small decrease in the number of HBs between all possible pairs is obtained. Independent of the water content, the number of HBs in reline solutions order for Ch^+^--Cl^--^, Ch^+^--urea, urea--Cl^--^, and urea--urea, respectively. Note that the highest number of HBs is observed between urea--urea because the oxygen in urea is a stronger HB acceptor.^[@ref37]^ In the absence of water, urea makes approximately 0.8 HBs per urea with other urea molecules in the reline solutions. This goes down to 0.15 HBs per urea molecule for the reline--water mixture with 80% mass fraction of water. In addition, urea makes stronger HBs with the anion than the cation. For neat reline, there are 0.5 HBs per urea molecule for urea--Cl^--^. There are 0.14 HBs per urea molecule for urea--Ch^+^.

![Number of hydrogen bonds as a function of the mass fraction of water (a) reline--water mixtures and (b) ethaline--water mixtures at 303.15 K. Each simulation of reline contains 50 choline chloride molecules and 100 urea molecules. Each simulation of ethaline simulation contains 50 choline chloride molecules and 100 ethylene glycol molecules.](jp9b09729_0010){#fig9}

For ethaline--water mixtures, the number of HBs for all pairs exhibits a decreasing trend with increasing water content as shown in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}b. The addition of water yields stronger influence on hydrogen bonding of EG--Cl^--^ when compared to EG--EG, Ch^+^--EG, and Ch^+^--Cl^--^. Likewise to the results of reline, there is a slight increase in the number of HBs for EG--EG, Ch^+^--EG, and Cl^--^--EG at low mass fractions of water. For any ethaline--water mixture, the largest HB contribution is provided by EG--Cl^--^. This is because the anion has the highest tendency to make HBs with water molecules compared to the other components of ethaline.^[@ref41]^ Our results further indicate that water preferentially solvates the Cl^--^ anion over cation.^[@ref41]^ This can be seen also by the HB networks between water molecules and the species of DESs, which are presented in Figure S10 of the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b09729/suppl_file/jp9b09729_si_001.pdf). It is found that EG makes approximately 0.7 HBs per EG with the anions in the absence of water, whereas the addition of 80% of water greatly decreases this to 0.04 HBs per EG molecule. The HBs per EG for the EG--anion are almost seven times higher than the ones of the EG--cation for neat ethaline. This strong hydrogen bonding of the anion is the reason why it has the highest self-diffusion coefficient. Earlier MD simulations^[@ref27],[@ref40],[@ref41]^ and ND experiments^[@ref75],[@ref79]^ also pointed out that the Cl^--^ anion plays a central role on the microstructural arrangement mainly due to the strong intermolecular interactions and hydrogen bonding capability. In Figure S11 of the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b09729/suppl_file/jp9b09729_si_001.pdf), the fractions of HBs for neat reline and ethaline are shown. For reline, the fractions of urea--urea, urea--Cl^--^, Ch^+^--Cl^--^, and Ch^+^--urea are found to be 0.49, 0.35, 0.09, and 0.08, respectively. For ethaline, the fractions of EG--Cl^--^, EG--EG Ch^+^--Cl^--^, and Ch^+^--EG are found to be 0.57, 0.17, 0.16, and 0.08, respectively. These results are in close agreement with earlier MD results by Perkins et al.^[@ref37]^ (see [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}). In [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}, the effect of temperature on the hydrogen bonding behavior is presented. For brevity, results for only mass fraction of water of 40% are shown. For both reline and ethaline, temperature has negligible influence on the HB distribution. This finding is consistent with RDFs. In this study, the RDFs and HB networks are used to characterize the structure of reline and ethaline solutions. It is important to note here that other ways to characterize the structure of aqueous mixtures, such as coordination numbers,^[@ref80],[@ref81]^ spatial distribution functions,^[@ref40],[@ref44]^ and radial-angular distribution functions^[@ref40]^ can be also very useful. In Table S24 of the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b09729/suppl_file/jp9b09729_si_001.pdf), the coordination numbers of reline and ethaline solutions are presented as a function of mass fraction of water. The coordination numbers are computed by integrating *g*(*r*) to the first minimum of RDF.

![Number of hydrogen bonds as a function of temperature for the (a) reline--water mixture with a mass fraction of water of 40% and the (b) ethaline--water mixture with a mass fraction of water of 40%. Each simulation of reline contains 50 choline chloride molecules and 100 urea molecules. Each simulation of ethaline contains 50 choline chloride molecules and 100 ethylene glycol molecules.](jp9b09729_0002){#fig10}

The macroscopic properties of the reline and ethaline solutions are found to be closely related to the microscopic structure. The computed RDFs and HB distributions show that many strong changes occur in the microscopic structure for mass fractions of water between 5 and 40%. Strong depletion of the HBs and reduction in the intensity of the RDF peaks for the HBD--anion and anion--cation is observed. This indicates that the level of hydration of DESs is increased. As a result, fluidity increases, and thus, diffusivities and conductivities also increase. For mass fractions of water larger than 40%, the effect of water on the structure becomes less pronounced. Earlier simulation results by Shah and Mjalli^[@ref27]^ also showed that for mass fractions of water larger than 25%, the compounds of reline are fully hydrolyzed. Neutron scattering experiments by Hammond et al.^[@ref79]^ showed that reline loses its microscopic structure at approximately 42% mass fraction of water. As shown in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}b, for ethaline solutions, the most HBs are formed by the HBD--anion pair. In the case of reline, both HBD--HBD and HBD--anion are dominant as shown in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}a. This is mainly because urea is a stronger HB acceptor than EG. The strong hydrogen bonding character of urea, with other ureas and Cl^--^, makes reline less viscous than ethaline. At high water contents (at which the solution becomes more dilute), the number of HBs diminish, and thus, similar viscosity values are observed for reline and ethaline. In this study, reasonable agreement with experimental data for various transport, thermodynamic, and structural properties of aqueous reline and ethaline mixtures were obtained by using combinations of fixed-point charged force fields. This does not guarantee that the predictive ability of these force fields will be as good for any property of aqueous DESs solutions and/or for any DES. For more information on the effect of polarizability on the structural, volumetric, and transport properties of aqueous ILs/DESs/ionic solutions, the reader is referred to the studies by Kelkar et al.,^[@ref82]^ Salanne et al.,^[@ref83]^ Jiang et al.,^[@ref84]^ and Hunt.^[@ref85]^

4. Conclusions {#sec4}
==============

MD simulations of aqueous reline and ethaline solutions were carried out to explain how the microscopic structure affects the thermodynamic and transport properties. The densities and viscosities of aqueous reline and ethaline solutions exhibit a monotonic decrease with increasing water content. As expected, the self-diffusivities show a monotonic increase. The viscosity of reline--water mixture is larger than the viscosity of the ethaline--water mixture. This is mainly due to the stronger hydrogen bonding character of urea compared to EG. Thus, reline is affected more by changes in the water content. With the addition of even small amounts of water (e.g., 2%) at 303.15 K, the viscosity of reline solution drops nearly to 50% of neat reline, and the viscosity of ethaline solution drops to 20% of neat ethaline. The self-diffusivities of anions exhibit a much more pronounced increase with increasing water content compared to the self-diffusivity of HBDs and cations for both reline and ethaline solutions. This behavior is related to the strong depletion of the HBs between anion and HBDs as the water mass fraction increases. Using the computed diffusivities, ionic conductivities are calculated by the NE relation. A nonmonotonic behavior is obtained with increasing water content with a maximum observed at 60%. At low mass fractions of water (i.e., \<5%), the RDFs and hydrogen bonding network in reline and ethaline solutions slightly change. An increase in the mass fraction of water up to 40% significantly reduces the number of HBs between urea--anion and urea--urea in reline solution and the number of HBs between the EG and the anion for ethaline solution. For a mass fraction of water beyond 40% less influence on the RDFs and HBs can be observed. This indicates that reline and ethaline lose their intermolecular structure and dissolve in water. Consequently, viscosities decrease, and thus, self-diffusivities increase. The computed transport properties of aqueous DES solutions strongly depend on the temperature. With increased temperature, viscosities of aqueous reline and ethaline solutions decrease exponentially, and thus, the self-diffusivities and ionic conductivities increase. The effect of water on the transport properties become less pronounced at high temperatures. Temperature does not significantly influence the RDFs and HB networks.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acs.jpcb.9b09729](https://pubs.acs.org/doi/10.1021/acs.jpcb.9b09729?goto=supporting-info).Force field parameters, tables with raw data for the calculated properties, and additional figures ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b09729/suppl_file/jp9b09729_si_001.pdf))Input and data files for LAMMPS for both aqueous reline and ethaline solutions ([ZIP](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.9b09729/suppl_file/jp9b09729_si_002.zip))
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